Rodent scent-marking is often used for territorial defence and self-advertisement, and both functions often entail the continuous scent-marking of a large area with high costs. In species with highly-fragmented populations and low density, in which the likelihood of social encounters is low, the costs of continuous scent-marking might exceed the associated fitness benefits; therefore, less intensive scent-marking only to signal presence to the opposite sex may be used. This hypothesis was tested in captivity with the Cabrera vole, a species with highly fragmented and low-density populations. Firstly, to assess the unknown scent-marking behaviour of the Cabrera voles, we conducted an assay wherein voles could scent-mark a clean substrate. Both sexes marked with urine and faeces, but never with anogenital secretions, and the amount of scent-marks was not different between sexes. In the subsequent assay, voles of each sex were given the choice of scent-mark on clean substrates or on substrates previously scent-marked by males or females. Both sexes marked with urine a larger area on substrates pre-marked by the opposite sex than on substrates pre-marked by the same-sex and clean substrates; however, no differences were found in the frequency of fecal boli deposited on the three types of substrate, and no anogenital secretions were found. The clear preference of receivers to scent-mark with urine the substrate pre-marked by the opposite sex strongly suggests that Cabrera voles use urine scent-marking for inter-sexual communication, probably to increase mate-finding likelihood, rather than for territorial defense and/or self-advertisement.
INTRODUCTION
Scent-marking is used by a variety of animals to convey olfactory information to conspecifics even when the scentdonors are absent. Such behaviour has been studied extensively in mammals, particularly rodents (e.g., Johnston et al., 1993; Rich and Hurst, 1999; Thomas and Wolff, 2002; Wolff et al., 2002 ) that typically scent-mark by deposition of faeces, urine and/or dragging the anogenital region on the substrate (Ferkin and Johnston, 1995; Ferkin, 2001; Eisenberg and Kleiman, 1972) . Scent-marking behaviour seems to serve multiple and overlapping functions Ferkin et al., 2004; Becker et al., 2012) . For instance, both the prairie vole (Microtus ochrogaster) and meadow vole (Microtus pennsylvanicus) use scent-marking for territorial defense and for mate-advertisement Ferkin et al., 2004) . Other findings have indicated that scentmarking behavior in those same species is used also for advertise self-presence and, possibly, individual identity to conspecifics (self-advertisement) (Thomas and Kaczmarek, 2002; Thomas and Wolff, 2002; Wolff et al., 2002) .
The use of scent-marking for self-advertisement and territorial defense implies that individuals spread continuously their marks across relative large areas (Brown and McDonald, 1985; Hurst, 1990; Johnston et al., 1994; Humphries et al., 1999; Thomas and Wolff, 2002) with high energetic costs and predation risk (Gosling et al., 2000; Koivula and Korpimaki, 2001; Mason et al., 2005) . Both functions appear to be important in species that usually face relative high levels of intra-sexual competition, due to individuals inhabiting contiguous or overlapping territories and/or having large home ranges, as often occurs in generalist and widespread rodents (Madison and Mcshea, 1987; Getz and Carter, 1996; Thomas and Wolff, 2002; Wolff et al., 2002; Ferkin et al., 2004; Hurst and Beynon, 2004; Getz et al., 2005) . In such conditions the probability of physical encounters is relatively high and the scent-marks are the first stage of social mediation among conspecifics (Hurst and Beynon, 2004) being important, for instance, in reducing agonistic encounters between intra-sexual competitors (Gosling, 1982 (Gosling, , 1990 . However, in species with extremely fragmented and low-density populations where individuals occupy isolated habitat patches the probability of finding conspecifics is extremely low being mate-location the major constraint to ensure the reproductive success (Courchamp et al., 1999; Stephens and Sutherland, 1999; Courchamp et al., 2009) . Also, in low density populations, intra-sexual competition is low and the costs associated with scent-marking behaviour for territorial defence and/or self-advertisement may overcome its benefits. Although communication through scentmarking diverge between rodent species depending on their mating system (Ferkin et al., 2004; Becker et al., 2012) , to our knowledge, no studies have been conducted to investigate whether the functions of scent-marking are more restrict in rodent species that typically inhabit patchy and fragmented habitats at low population densities. Nevertheless, population density has been shown to affect scentmarking communication in yellow mongooses, Cynictis penicillata (Le Roux et al., 2008) .
The current study investigated the scent-marking behaviour and function(s) in the Cabrera vole (Microtus cabrerae Thomas, 1906) , a rare microtine species, endemic to the Iberian Peninsula and occurring as low-density and extremely fragmented populations (Pita et al., 2006; Pita et al., 2007; Mira et al., 2008) . It is considered a habitat specialist that lives in areas associated with humid, tall herb communities (Fernandez-Salvador, 1998; Landete-Castillejos et al., 2000; Santos et al., 2005; Pita et al., 2006; Santos et al., 2006; Pita et al., 2007) , which are relatively rare and marginal habitats that occur as isolated and extremely disperse patches (Pita et al., 2006) . Cabrera voles seem to have a monogamous mating system and a K-type reproduction strategy (Fernandez-Salvador, 1998; Ventura et al., 1998; Fernandez-Salvador et al., 2001) , with breeding pairs for relatively long periods (over 10 months) during which males share the nest with females and pups, also providing parental care (Fernandez-Salvador, 1998; FernandezSalvador et al., 2001; Fernandez-Salvador et al., 2005b) . The monogamous mating system of the Cabrera vole share many features with that described for a congener, the prairie vole (Carter and Getz, 1993; Getz and Carter, 1996) . However, in contrast to the Cabrera voles, prairie voles typically live in non-fragmented habitats forming relatively large colonies or communal groups (Getz and Carter, 1996) wherein frequent encounters between conspecifics occur (McGuire et al., 1990; Getz and Carter, 1996) . In these environmental conditions, the scent-marking communication in prairie voles seems to have multiple functions (mate-advertisement, territorial defence and self-advertisement) inferred from laboratory studies that have investigated the scent-marking behaviour of donors and receivers Thomas and Wolff, 2002; Wolff et al., 2002; Ferkin et al., 2004) . For the Cabrera vole, the highly fragmented and low-density populations limit the encounters among conspecifics, and intra-sexual competition is likely low. Accordingly, we hypothesize that the main function of scent-marking communication in Cabrera voles is mate-advertisement to increase the likelihood of finding a partner rather than self-advertisement or territorial defence, both of which typically have higher energetic costs and predation risk without any apparent benefit in the reproduction of Cabrera voles.
Typically rodents respond to conspecific scent-marks by counter-marking or over-marking them (Johnston et al., 1994; Johnston et al., 1995; Ferkin, 1999; Thomas and Wolff, 2002; Johnston, 2003) , and the function(s) of scentmarking communication can be inferred from the way receivers of each sex respond to scent-marks from conspecific donors (e.g., Johnston et al., 1993; Ferkin et al., 2001; Ferkin et al., 2004; Becker et al., 2012) . The current study was carried out in captivity to describe the scent-marking behaviour of Cabrera voles of both sexes, and to infer its function(s) by assessing the scent-marking behaviour in response to scent-marks from donors of each sex.
MATERIALS AND METHODS

Study animals
All voles used were wild-caught adults (body weight > 28 g, (Fernandez-Salvador et al., 2005a, b) in southern Portugal. Voles were caught using Sherman live traps (7 × 23 × 9 cm) baited with apple and supplied with hay and hydrophobic cotton for bedding (Pita et al., 2010) . Traps were placed at sites of likely capture, which were assessed by checking eaten apple trails left in the area over the previous 2-4 days. Once set, the traps were checked every 8 h. Pregnant females were identified by abdominal palpation, and returned to their habitat. In captivity, the voles were housed individually in glass cages (70 × 40 × 40 cm) prepared with soil and vegetation to mimic their original habitat, and kept in a room at 18-21°C under a long photoperiod (14:10 h, L:D). Food (diverse grass species collected daily supplemented with apples) and water were provided ad libitum (Fernandez-Salvador et al., 2001 ). All procedures were done with the permission of Portuguese governmental authorities (i.e., Institute for Nature and Biodiversity Conservation) and conformed to the guidelines approved by the American Society of Mammalogists for the use of wild mammals in research (Gannon et al., 2007) , and to the guidelines for the treatment of animals in behavioural research (ASAB, 2006) . Moreover, at the end of the experiments, all animals were released at the same location where they had been caught.
Experiment 1
The first experiment was carried out to describe the source and extension of possible scent-marks of each sex in response to a clean substrate. In each replicate one female or one male (hereafter called scent-donors) was placed in a small glass arena (63 × 29.7 × 40 cm) with the bottom covered with a clean paper sheet (substrate); scent-mark behaviour was allowed for 30 min. Then, the specimen was removed from the arena and returned its the home cage, and the substrate dried for 10 min. The dried substrate was then observed in a dark-room, and scent-marks (i.e., urine, feces, and anogenital marks) were identified under UV-light (Desjardins et al., 1973) . Each mark was traced lightly with a pencil and then photographed with a 5 Mpx Digital Camera for assessment of scentmarked areas using Quantum-GIS software (QGis, 2011). Accord-ing to studies in other vole species, different kinds of marking are distinguished by the different characteristics they show under UVlight: urine appears as bluish spots; feces appears as darkish brown streaks or boli; and anogenital secretion marks typically appear as silver-white slivers between 0.5 and 3 cm long, and from 0.1 to 0.3 cm wide . As scent-donors, 15 adult non-paired (i.e., seven days without contact with conspecifics) males and 15 adult non-paired females were used. To prevent contamination with human scents, disposable latex gloves were used to manipulate all substrates. Scent-marked substrates were stored for a maximum of two weeks in clean plastic pockets at -20°C until use in the second experiment.
Experiment 2
The second experiment was carried out to assess the function of scent-marking in Cabrera voles by investigating the scent-marking behaviour of each sex when exposed simultaneously to clean substrates, substrates previously scent-marked by males and substrates previously scent-marked by females.
The pre-marked substrates from each sex obtained in experiment 1 (thawed for 30 min at room temperature) and an equal-size unmarked substrate (i.e., clean paper sheet) were placed side-byside at the bottom of a glass arena (89.1 × 63 × 40 cm; Fig. 1) . To control for possible side-choice bias in the arena, the side of the marked substrates from each sex donor was switched between replicates. In each replicate, one male or one female was placed in the centre of the arena inside a bottomless mesh cage for two minutes. Then, the cage was removed using a remote device to avoid visual contact with the observer allowing the specimen to scent-mark for 30 min. New marks in each test substrate (clean, female donor and male donor) were identified and analyzed following the procedure described above in experiment 1. Overlapping areas between initial and secondary marks were identified and measured (Johnston, 1999; Wolff et al., 2002; Ferkin and Pierce, 2007) ; initial and secondary marks were distinguishable by the colour difference under UV-light. The experiment was replicated with 15 non-paired adults of each sex.
Data analysis
Scent-mark analysis was carried out with frequency data (Thomas and Kaczmarek, 2002; Thomas and Wolff, 2002; , except for urine marks for which the area was used instead, since the shape and size of urine marks were highly variable. Non-parametric statistics was used in all analyses. MannWhitney U tests were used to compare scent-marking frequency (fecal boli) and area (total area marked with urine) between sexes in clean substrate (experiment 1). Secondary scent-marking data from each sex in experiment 2, i.e., fecal boli frequency and total urine area, were compared among the three types of substrate (i.e., male pre-marked; female pre-marked; non pre-marked) using the Friedman's rank test and Dunn-Bonferroni tests for post hoc comparisons (Dunn, 1964) . In all multiple comparisons tests, the p values were adjusted using the Bonferroni correction. Additionally, we tested for association between initial scent-marks and secondary scent-marks using Spearman's rank correlations.
To determine occurrence of over-marking, i.e., whether secondary scent-marks overlap the initial scent-mark area more than expected for a random distribution of secondary scent-marks, the observed overlapping areas were compared with those expected randomly, for each combination (animal test sex: sex of initial marks donor) using Wilcoxon signed-rank tests. Expected overlapping areas were accounted by multiplying the proportion of substrate area occupied by the initial marks with the area of all the secondary marks placed over the same substrate (adapted from Humphries et al., 1999; Thomas and Wolff, 2002) .
All statistical procedures were performed using the statistical package PASW version 18 (SPSS, 2009).
RESULTS
Experiment 1
When exposed to a clean substrate, Cabrera voles only used urine and feces marks. No anogenital marks were detected. Males marked an area of 53.41 ± 8.09 cm2 (mean ± SE) with urine and placed 4.67 ± 2.56 fecal boli, while the area marked by females was 46.71 ± 7.90 cm2 and the number of fecal boli was 2.68 ± 1.21 (Fig. 2) . Sexes did not differ in the area covered by urine (Mann-Whitney U = 128.00, n = 30, P = 0.539) nor in the number of fecal boli (Mann-Whitney U = 120.50, n = 30, P = 0.744).
Experiment 2
Males had a significant preference to scent-mark with urine on the substrate pre-marked by females than on the male pre-marked substrates and non pre-marked substrate (Friedman test: χ2 = 18.42, d.f. = 2, n = 15, P < 0.01; Fig.  3A) . No significant differences were observed in the number of fecal boli located across the three substrates conditions (Friedman test: χ2 = 3.57, d.f. = 2, n = 15, P = 0.168): 4.13 ± 1.21 (mean ± SE) fecal boli on the substrate pre-marked by females; 3.27 ± 0.97 faecal boli on the substrate pre-marked by males; and 2.13 ± 0.72 faecal boli on the non-pre-marked substrate. Similarly to the male trials, females showed a significant preference to scent-mark with urine on the substrate pre-marked by the opposite-sex (Friedman test: χ2 = 18.35, d.f. = 2, n = 15, P < 0.01; Fig. 3B ). Also, no differences were detected in the number of fecal boli placed by females as secondary marks on each of the three types of substrate (Friedman test: χ2 = 0.45, d.f. = 2, n = 15, P = 0.798): 1.93 ± 0.75 fecal boli on the substrate pre-marked by males; 1.40 ± 0.67 fecal boli on the substrate pre-marked by females; and 0.87 ± 0.45 fecal boli on the non pre-marked substrate. Fig. 1 . Drawing illustrating the scent-marking arenas used in experiments 1 and 2. Scent-marked substrates from each sex (experiment 1) were placed side-by-side with an unmarked substrate of the same size in a larger arena where individual males or females were allowed to scent-mark for 30 min (experiment 2).
For both sexes, no significant association was found between initial scent-mark area and secondary scent-mark area (males: Spearman's ρ = 0.17, n = 30, P = 0.373; females: ρ = 0.21, n = 30, P = 0.253).
Secondary scent-marks overlapped initial marks randomly on the pre-marked substrates (scent donor vs. test subject: males vs. males, Wilcoxon signed-rank test: z = -0.87, n = 15, P = 0.386; males vs. females, z = 1.17, n = 15, P = 0.241; females vs. males, z = 1.38, n = 15, P = 0.169; females vs. females, z = -1.54, n = 15, P = 0.123).
DISCUSSION
Our results showed that Cabrera voles of both sexes use only urine to counter-mark preferentially on substrates previously marked with urine by donors of the opposite-sex. The preferential placement of urine scent-marks over and/or in the proximity to opposite-sex marks suggests that urine scent-marks advertise the proximity of a potential mate thereby increasing the likelihood of a sexual encounter and subsequent copula consummation. Similar to what has been suggested for two congener voles , counter-marking the scent-marks of opposite-sex conspecifics may advertise the availability of a potential mate to previous scent donors and likely advertise receptivity for mating in Cabrera voles. Furthermore, no differences were observed between urine-marked area on the same-sex premarked substrates and the non pre-marked substrates, and the areas of urine counter-marks in these two types of substrates were relatively low and clearly smaller than those found on the opposite-sex pre-marked substrates; also, no over-marking was observed on same-sex pre-marked substrates. These observations do not support the notion that Cabrera voles use urine scent-marking communication for territorial defense, since the prediction for such a function would be that either males or females would mark more often on same-sex pre-marked substrates than on clean substrates (Hurst, 1990; Humphries et al., 1999) and/or would over-mark the same-sex initial scent-marks (Ferkin et al., 2004) . In addition, neither sex avoided overlapping urine marks with the initial marks of other individuals, suggesting that there is no scent-blending avoidance strategy in Cabrera voles to maximize information about the identity of Fig. 2 . Mean (± SE) number of faecal boli (A; white bars) and total urine marked area (B; black bars) produced over 30-minute trials by 15 females versus 15 males over clean substrate. Fig. 3 . Total area (mean ± SE) of urine secondary scent-marks located over female pre-marked substrate (female pms), non-premarked substrate (non pms) and male pre-marked substrate (male pms), for males (A; n = 15) and females (B; n = 15) in experiment 2. Different letters indicate significant differences between substrate pairs using Dunn-Bonferroni pairwise post hoc test: (A) female pms vs. male pms, z = −3.05, P < 0.01; female pms vs. non pms, z = −3.30, P < 0.01; male pms vs. non pms, z = −1.16, P = 1.00; (B) female pms vs. male pms, z = -2.84, P < 0.01; male pms vs. non pms, z = −3.12, P < 0.01; female pms vs. non pms, z = −0.80, P = 1.00. the scent donors (self-advertisement) (Thomas and Kaczmarek, 2002; Thomas and Wolff, 2002) . Therefore, the results of the current study suggest that urine scent-marking communication in Cabrera voles is directed towards the opposite-sex to increase the likelihood of finding a mate, rather than for territorial defense or self-advertisement.
In the congener monogamous prairie vole, scent-marking communication seems to have three functions: matingadvertisement, self-advertisement, and territorial defense Thomas and Kaczmarek, 2002; Thomas and Wolff, 2002; Wolff et al., 2002; Ferkin et al., 2004) . Also, the monogamous California mouse (Peromyscus californicus) uses scent-marking for both mate-advertisement and territorial defense (Becker et al., 2012) . The differences in scentmarking communication between Cabrera voles and prairie voles or California mice, all of which have similar mating systems, may be related to differences in spatial population structure. In contrast to the both aforementioned rodents, Cabrera voles live as spatially structured populations of low density in patchy and extremely-fragmented environments (Palomo and Gisbert, 2002; Pita et al., 2006; Pita et al., 2007; Mira et al., 2008) where the frequency of conspecific encounters and inherent intensity of intra-sexual competition are relatively low. The highest densities that have been reported for Cabrera vole populations range between 115 ind/ha (Fernandez-Salvador et al., 2005b) and 250 ind/ha (Landete-Castillejos et al., 2000) ; however, these density estimations are likely overestimated, since the methodology employed did not take into account the patchy distribution of Cabrera voles. Using a spatially explicit capture-recapture method adequate for population density estimation in the patchy fragmented populations of Cabrera voles, it was estimated a density of 8 ind/ha in Southern Portugal (Mira et al., unpublished) . In such environment and social conditions scent-marking communication for territorial defense and/or self-advertisement seems not to be of significant adaptive value, due to the high inherent costs of such intensive and extensive scent-marking which is physiologically demanding (Gosling et al., 2000) and may attract predators (Viitala et al., 1995; Koivula and Korpimaki, 2001; Probst et al., 2002) . Thus, the main function of urine scent-marking communication in the Cabrera vole seems to be mate-advertisement, and the apparent absence of territorial defence and selfadvertisement roles may be explained by lack of adaptive value of those two functions in the highly fragmented and low-density populations of the Cabrera vole.
We hypothesize that both the low density and high fragmentation of Cabrera vole populations with inherent low frequency of encounters among conspecifics and low intrasexual competition do not confer a significant adaptive value to the costly scent-marking required for territorial defence and/or self-advertisement functions. The reasoning implies that the evolution of scent-marking communication functions might be shaped by patchy and fragmented populations of low density; however, further comparative studies are needed to support or discard this hypothesis. Also, it should not be discarded a possible phenotypic plasticity that adjusts scent-marking behaviour to the population density and intensity of social encounters. A recent study with yellow mongooses (Le Roux et al., 2008) showed that population density affects the intensity of territorial scent-marking behaviour, being intensive in subordinate group members of a high-density population and almost absent in subordinates of a low-density population. In voles and rodents in general, is not known whether scent-marking behaviour can be adjusted by the population density through phenotypic plasticity, but such hypothesis deserves further investigation.
The absence of scent-marks from anogenital area in the current study contrasts with findings in the congener meadow and prairie voles for which both urine and anogenital secretions are important in their scent-marking communication (Ferkin et al., 1994; Ferkin and Johnston, 1995; Ferkin, 2001 ). It is not yet clear why Cabrera voles did not release anogenital secretions, and only urine seems to have a role in inter-sexual scent-marking communication. In terrestrial voles the urine, feces, anogenital secretions and scents from different integument areas seem to have different roles in chemical communication, and it has been suggested that the number of scent sources for signalling opposite-sex increase with the number of encounters among individuals of both sexes (Ferkin, 2001) . The absence of anogenital secretions in Cabrera voles may relate with the low frequency of encounters among conspecifics, and urine only may be enough to convey the information about sex and readiness to mate since it contains reliable chemical information (e.g., gonadal hormones and its metabolites) that reflects the sex and physiological condition of the releaser.
In conclusion, the results of the current study showed that urine is the single source of scent used in scent-marking communication in Cabrera voles, and suggest that urine scent-marking is used only for mate-advertisement without any apparent role in territorial defense and/or selfadvertisement. The hypothesis that urine scent-marking communication in Cabrera voles is restricted to mateadvertisement due to its fragmented populations of low density is not discarded but further studies are needed for a stronger support. More comparative studies are necessary to determine whether population density is an important pressure shaping the evolution of scent-marking communication in voles and, more generally, in rodents. Furthermore, the hypothesis that phenotypic plasticity allows adjusting the scent-marking behaviour to population density deserves further attention in rodents.
